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SUMMARY

An investigstion was made of several ways of simultaneously simulat-
ing the external pressure field generated by an engine exhaust Jet and an
air inlet. The technlques ilnvestligeted used high-pressure alr piped up-
stream through the simulated Jet to the exhaust nozzle of the engine. It
was then discharged through perforations in the pipe or in a downstream
direction through a target-type reverser at the end of the pipe. This
alr combined with the engine-inlet alr to form & Jjet contour. The tests
were made at free-stream Mach numbers of 2.5 and 3.0 for a range of jet-
exit static-pressure ratios from“1.0 to 3.0.

The results of the study indicated that the pressure field in the
vicinity of the exlt station and external to a real exhaust Jet could be
adequately simulated whlle keeping the inlet at critical or supercritical
mass flow. The techniques of this report then provide a simple means of
simulating inlet and exit interference effects in wind-tunnel lnvestiga-
tions of alrplane configurations.

INTRODUCTION

The forces and moments in many configurations of supersonic ailrplanes
are influenced by lnterference effects from both the engine inlet and the
exhsust nozzle. For instance, the importance of Jjet-interference effects
is demonstrated in references 1 and 2. Figure 1(a) shows an example of
an alrplane where signlficant portions of that airplane are subject to
interference effects caused by the engine alr intake system and the ex-~
haust Jet. The alrplane forces and moments will hence be affected by
these interference effects. These effects are not amensble to calcula-
tion and should be duplicated in wind-tunnel tests. Because of the smell
size of most wind~tunnel models of alrplane configurations, duplicating
the actual total-temperasture and -pressure ratlos across the alrplane
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engine is impractical or impossible. If these ratios are not attailned,
the ratlios of exhaust-nozzle throat aree to minimum inlet area are not
matched to furnish proper inlet operation and the desired amount of ex-
pension 1n the nozzle. The problem is further compliceted by the condi-
tlon that the model should be kept free of forelgn forces and flow
disturbances.

A technlque suitable for wlnd-tunnel studies for simulating the pres-
sure field in the viclulty of an exhaust Jet and simultaneously represent-
ing inlet flow conditions typlcal of critical or supercritical operation
1s experimentally investlgated in this report. In this technique high-
pressure alr is piped upstream through the exhaust Jet and discherged in
such a way as to duplicate the displacement of the real Jet. Several
methods of distributling the additional aly are investigated. Comperisons
are made of the pressure distributions generated by real and simulated
exhaust Jets on & test body. Simulation of the actual engine cowl con-
tour 1s g1l that is needed to simulate the inlet interference field st
critlical or supercritical operation.

No attempt was made to simulate the effects of the jet shock (ref.
3), which occurs further downetream within the Jet and then passes out
through the external flow at supersonic flight speeds. However, this
shock is too far downstream to affect alrplane performence for many
configurations.
SYMBOLS
The following symbols are used in thls report:

A cross-gectional aresa

P‘PO
C pressure coefficient,

1 axlsl distance from start of enlarged internal flow area of nacelle
to nacelle trailing edge

M free-stream Mach number
n number of holes
P +total pressure

P static pressure

q dynamic pressure, %-pMz

L6T¥
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r radlus from nacelle centerline
T total temperature of air flowing through probe
W welight flow of air through probe

b 4 distance along axls of perforated probe downstream of cone cylinder

Juncture
a distance tube is immersed in target
] distance between trailing edges of target and nacelle
T ratio of specific heats for air

v Prandtl-Meyer expension angle

e angle between hole axis and tube axls on perforated probe
Subscripts:

av  average

e nozzle exit

i 18%, gnd  zrd | | | row of holes

P probe
t total
0 free stream
.
1 target trailing-edge station
3 farthest downstream sxial station In Jet
* refers to conditions where Mach number equals 1

APPARATUS AND MODELS
Wind Tunnel

The investigation was conducted at the NACA in the Lewls laboratory
1- by 1l-foot block tunnel operated at & Mach number of 2.5 with an inlet
total pressure of 7.5 pounds per sguare inch absolute and at a Mach num-
ber of 3.0 at atmospheric inlet pressure. The stagnation temperature
was set at 100° F. The gpecific humidity wes maintained sufficiently low
to meke condensstion effects negliglible.
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Jet Simulgtion Consilderations

Figure 1(b) shows the application and aspproach to the problem of
simulating both the inlet and the exhaust systems considered in thls re-
port. The alrplane is mounted from a sting, and the forces and moments
on the alrplane are measured wlth the internal balance. The engine in-
ternal contours that exist in the real airplane are replaced by a simple
cylindrical section (section C). The external inlet 1ip and the nacelle
shape are maintained to dupllcaste correctly the inlet pressure fleld at
critical or supercritical operation. The internel passage 1s enlarged
to the maximum nozzle-exit diameter by &a step at section D, where the
base pressure must be measured and the corresponding force subtracted
from the belance measurement. In order to simulate the external pres-
sure field of the exhaust Jet, high-pressure air i1s brought in through
g pipe and exhsusted through & target-type reverser that is internsal +to
the nacelle, There should be no mechanical interference binding between
the alrplane model and the probe that would introduce extraneous forces
into the balance measurements.

Models

The abillity to simulate the flow field about the exhaust Jet was
determined by comparison of pressure measurements made on a half-cylinder
mounted near actuel and simulated Jets. The dlmensions of the confilgura-~
tion thet provides for what 1s termed in this report the "real" Jet are
shown 1n figure Z(a). High-pressure gir is fed through holes in the sup-
port strut to the plenum chember within the model and exhausted through
the convergent-dlvergent nozzle. Figure 2(b) presents the detalls of the
nacelle for which i1t is desired to -simulate the f£ield sabout the inlet and
the exhsust jet. The internsl contours are cylindrical for ease of force
messurements in future spplications, The meximum diesmeter of both the
real Jjet model and the nacelle model Is 2 inches. Because the present
tests required only static-pressure measurements, the strut between the

probes and necelle is permissible; but 1t probaebly could have been deleted

leaving no extraneous mechanical forcea.

Two different type probes, perforated and target, were used to in-
ject the additional alr requlred within the necelle to control the Jet
boundary and, in turn, generate the corresponding external flow fileld.
The perforated probes (fig. 3(a)) distributed the alr along the jet cen-
terline by means of speclfiled hole locgtlons in the probe wall. A pre-
scribed Jet displacement contour should then be attained. The target
probes (fig. 3(b)), however, created a specified static pressure of the
exheust air st the nozzle-exlt station. Downstreem of the exit the alr
gshould form a proper Jjet boundery wlith no more guldence.

| LETF

ol



&Lt

NACA TN 3881 5

Perforated Probes

The probes were designed primarily to simulate the Jet boundary
downstream of the convergent-divergent nozzle of figure 2(a) when operat-
ing underexpanded at an average ratio of Jet-exit static pressure to
free-stream static pressure of 2.0 and at a free-stream Mach number of 3.

Previous data were inspected to estimate & jet boundary at these
conditions (fig. 4). The cross-sectional area of this jet streem wes then
computed as a functlon of axial distance downstream of the nacelle in-
ternel shoulder where the flow passsge was enlarged. Except for the
constant-area section downstream of this shoulder, the holes were arbit-
rarily spaced at either 0.15- or 0.3-nozzle-exit-diameter intervals slong
the tube axis (fig. 3(a)}). The hole size was selected small enough g0
that a reasonsble number could be drilled to simulate axisymmetric flow
and yet not too small to drill with ordinary methods. The total number
of holes was then determined to pass the required total rate of Jjet welght
flow to £111 the Jjet stream minus the necelle inlet flow. This calcula-
tion used the pressure and tempersture supplied to the probe from the
laboretory supply. It was assumed that the avérage Mach ntmber inside
the nacelle and in the jet stream was equal to the free-stream value,
since ahead of the probe the internal passage was of constant cross sec-
tion and the flow wes supersonic. The number of holes at each station
was set according to the following equation (see fig. 5(a)):

(Total number of holes)(Increase of jet cross-sectional

Number of areg over that gt previous row

holes at each = of holes)
axisl station (Total cross-sectionsl ares e_(Nacelle Inlet plus probe
at maximum Jjet diameter cross-sectional area)

considered)

or

oyl - mla) n(ed - )

ﬁ‘ﬁrg-mg-mg'rg-rg-rg

Disturbances were assumed to propagate outward from the holes along
the Mach cones.

When 0.020-inch-diameter holes were used, there were sometimes too
many holes for the tube clrcumference. At these stations, therefore,
two rows of holes were made, each with a slight axisl dilsplacement from
the other.

Differences between the actual and estimated aversge angle of prop-
agation of flow disturbance produced by the sgir bleed from the probe could
be somewhat compensated for by translating the probe along its axis.
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The holes in the first probe were drilled normal to the tube sur-
fece., The holes in the second probe were drilled st 30° with respect to
the probe axis and were directed downstream. The total hole area and
the distribution of the hole area were the same as for the first probe,
but the number of holes was approximetely doubled. Later in the investi-
gation the probe hole spacing was revised using schlleren photographs of

the real jet boundary rather than from the previously estimated jet bound-

ary (fig. 4).

Target Probes

The terget probe (fig. S5(b)) was designed to-simulate the conditions
at the exit station of the real jet under the assumption that the correct
jet boundary would follow from the correct conditions at the exit sta-
tion. The cone angle of the target probe was kept small (9°30!' half-
angle) to minimize total-pressure losses in the inlet alr. The probe
was inserted into the nacelle far enough so that the nacelle-inlet alr
would be contracted to form a Jet-exlt static-pressure ratio pe/po of
2.0 at the model exit station. The Mach number at station 1 was computed
using isentropic flow relations between statlons O (MO = 3) and 1. The

area and the Mach number at station e were likewlse calculated to yileld
the desired exit pressure:

r-1
P Y
2 0
Me- F—'—T (-ZPTO) - 1] = 2.55
_%il_j
2(r-1
r-1.2
Ay = (A*/AO) %0 = Moho LY 2 Me = 1.243 s8q in
= n = — = 1. .
A*/e Me l+_Y__2_lM€

By assuming that the flow is attached to the nacelle wall at station e,
the radius to the inside bounding streamline rg of the nacelle-inlet

mess flow is

2 1l.243
re = 4JO.97 - = = 0,739 in.

It was also assumed thet mixing across this bounding streamline was neg-
ligible. The average angle between stabtions 1 and e of this bounding
streamline was then calculated. It was assumed that Ar/r was small so
that the Prandtl-Meyer relation (ref. 4) could be used for the average
nacelle alrstream directions between these stations:

- LBTF
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an-l L =1 _ 0 _ qin-L fL1\]| < o
'\/r+l - 1) l:so gin (Ml)] 52.3

= o]
Ve = 40.1

+

-t«;
|-4|-'

_ (o)
A”av = 1l2.2

The latter term was consldered the average change of direction of the
stream tube (see fig. 5(b)). The change of direction on the inner bound-
ing streamline Av is calculated as follows:

inner
AV AVipper + AVouter
av — 2
vwhere
Aouter = 0
therefore;

- o
AVinner = 20Vgy = 24.4

If the flow at station 1 i1s in an axial direction,

Ar _ 0.739 - 0.440
tan AVinner 0.454

= 0.658 = 5/8 in.

This calculation indicated that the trailing edge of the probe should
be approximastely 5/16 exlt dlameter upstream of the nacelle trailing edge.
The step in the internal nacelle contour (0.97-in. raed.) was located with
respect to the probe to avold choking the internal fiow and to permit the
inlet to start.

Instrumentation

The instrumentetion used to determine the characteristics of the real
and simulated Jets wes the half-cylindrilical surface also shown in figure
2. The leading edge of the half-cylinder was at the same axigl station
as the Jet exit but displeced radieaelly 1 jet-exit dlameter from the cen-
terline of the Jjet. The model and half-cylinder were at zero angle of
attack and yew with respect to the free stream in all tests. Static-
pressure taps were located along the plane of symmetry of the half-
cylinder at 1/4-inch 1ntervals measured from the leading edge.

Static pressures were measured in the plenum chamber of the real Jet
and &lso in the probe and the nacelle in the case of the simulated jJet.
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Airflow rates in the real Jjet and through the probes were measured
uging standard ASME orifices. o :

Schileren viewlng and photogrephy were avellable at both the inlet
and exit of the models.

RESULTS AND DISCUSSION
Experimental Results

The simulated jets were evaluated by comparing the static pressures
generated on a half-cylinder by both the real and simulated Jets. The
data are plotted as pressure coefficient 'g agalnst distance downstream
of the nozzle-exit station measured in nozzle-exit diameters in figures
6 to 1l. Several general observetions may be maede for all the results
as seen, for example, in figure 6. As the Jet-exit static-pressure ratio
pe/po increases, the pesk pressure coefficient on the helf-cylinder in~

creases and moves upstream. The dlsturbance measured 1ln the present

tests reaches & maximum at a dilstence of approximately 1.l nozzle diame-
ters downstream of the exit. This is the locetion where the shock (formed
by deflection of the external air as it intersects the jet stream) strikes
the half-cylinder.

Target Probe -

The results for one of the better target-probe designs sre presented
in flgures 6 and 7 for Mg = 3.0 and 2.5, respectively, over a range of

Jet-exit static-pressure ratios from 1.00 to 2.54. The agreement between
the real and simuleted jets 1s quite good, particularly st the higher Jet-
exlt static-pressure retios where the Jjet ilnterference would be the
largest,

Several varietions made in the target probe gave an ldea of the
gsensitivity of the resulis to the design and location of the probe. These
results are presented in figure 8 at & free-stream Mach number of 3.0 for
a jet-exit static-pressure ratio of 1.94 and may also be compared with the
data of figure 6(c). The original probe design had the probe located
5/16 exit diameter inside the model, and the enlarged ares started 2
inches upstream of the nacelle trailing edge (see fig. 3(b)}). This gave
the pressure distribution shown in figure B(a). The necelle-inlet flow
of this conflguration, however, choked at My = 2.5, which yielded poorer

distributions; so several modificetions were considered to awveid the chok-
ing. The first modification moved the probe out 1/8 inch. This gave the
pressure distribution shown in figure S(b). For this configuration the
nacelle-inlet flow 414 not choke at Mg = 2.5. For the second modifica-

tlon, the probe Wwas 5/16'exit dismeter inside the model and the step was

L1V
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cut 1/8 inch deeper into the model (see 1, fig. 3(b)). This configura-
tion also did not choke at Mgy = 2.5 and was used for the data presented

in figures 6 and 7.

A third modification increased the minimum ares in the probe (see
@, fig. 3(b)). The primery effect of this increase was to change the
pressure and mass flow reguired in the probe to gimulate a given Jet
static-pressure ratio. This willl be discussed in the section Pressure
and Airflow Required in Probes. The pressure distribution for this case
is shown in figure 8(c). In geuneral, the pressure distributions were not
affected much by the modificetlons considered, and the differences be-
tween the real- and simulated-jet pressure coefficients were guite small.

Perforated Probe

The results for the perforated-probe designe are presented in flg-
ures 9 to 11 for My = 3.0 and jet-exit static-pressure ratios from 1.05

to 2.19.

In figure 9 the probe shoulder {cone cylinder Juncture) is located
1.75 exlt dlameters upstream of the model trailing edge. This is the
correct axial positlion if the dlsturbsnces sre propageted outward at an
average Mach sngle corresponding to a free-stream Mach number of 3.0,
The holes were normel to the probe surface. The agreement between the
real and simulated jet ie quite good at the jet static-pressure ratio of
1.94¢ (fig. 9(a)). However, &t lower pressure ratios, the pesk pressure
coefficient of the simulated jet fell progressively further downstream
of that for the real Jjet. TImprovement was made by moving the probe
farther inside the model., Typical results are shown on figure 10. Sat-
isfactory results were obtained when the cone-cylinder juncture of the
probe was at 2.43 and 2.68 exit diameters inside the model.

Revision of the probe by basing the hole distribution on the schlie-
ren photogrephs of the real jet (fig. 4) made little improvement, as
shown by compering flgures S(a) and lO(c). Differences of the Jjet bound-
aries used to calculste hole distribution between the original and re-
vised probe are shown on figure 4 to be almost within the width of the
mixing-zone region hetween the Jet and the externel flow. The revised
probe had essentlally more hole area near the upstream portion of the
probe (fig. 3(a)).

Slanting the probe holes back from normal to 30° with respect to
the probe surface (fig. 11) made very little difference in the pressure
distributions. Improvement due to revision of the hole spacing corre-~
sponding to the revision on figure 9 is shown in figure 11(b).
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Pressure and Alrflow Required in Probes

The total pressure, as a fraction of the free-stream total pressure,
required in the probe to simulate various Jet-exit static-pressure ratios
is shown in figure 12. In =1l cases the total pressure in a glven probe
must be increased to simulate increasing Jet-exit static-pressure ratios.
Also the total pressure required by the target-type probes is markedly
higher than required by the perforated probes. For the target probes,
increasing the minimum ares in the probe decreased the required total
pressure in the probe. At My = 2.5 the required probe to free-stream
total-pressure rgtio was higher than at Mgy = 3.0.

Slanting the holes of the perforated probes increased the required
total pressure in the probe to simulate a given Jet-exit static-pressure
retio.

The weight flow of air required by the various probes as a function
of jet-exit static-pressure ratio is shown in figure 13. These curves
follow the same trend ss the total-pressure curves because the probe-
outlet throat areas were slways choked for thils investigation.

CONCLUDING REMARKS

An investigation of two techniques to simulate the pressure fleld
generated by the exhaust jet of an engine while simultaneously represent-
ing critical operation of the inlet was mede at free-stream Mach numbers
of 2.5 and 3.0. The results indicated that the use of high-pressure air
piped upstream through the simulated Jet and discharged elther through
perforations or a target-type reverser at the end of the pipe can be made
to simulate adequately the pressure field of a real jet in the vicinity
of the Jet exit.

Preliminery information to determine the jet boundaries for the noz-
zle and pressure ratios to be simulated must be avalleble for use in de-
signing the perforated probes. A mesns, such as a small pilot model, of
determining the probe weight flows must also be avallable for both probes
if the method is to be used beyond the range of varlables studied in thls
report.

The method may &lso be used to considerable sdvantage in Jjet-exit
studies in a large supersonic wind tunnel which has an insufficient amount
of high-pressure air to supply the nozzle of large models in the conven-
tional menner. The limited smount of air would first supply & small
pilot model and then supply probe air in the followlng large-model
investigation.

Lewls Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohic, November 2, 1956

LETY
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Instrumentation
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Figure 9. - Evaluastion of perforated probe with holes normal to probe surface. Pree-stream

Mach number, 3.0; revised-probe shoulder 1.75 exit dismeters inslde revised model.
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(c) Probe shoulder 1.87 exit diameters inside model.

Figure 10. - Developmant of perforated probe witI_'x'hoInu normal to surface. Jet-exit static-
pressure ratio, 1.94; free-stream Mach number, 3.0, R .
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Flgure 11. - Evaluetlon of perforated probe with holes slanted 30° with respect to surface. Free-~
stream Mach number, 3.0; probe shoulder 2.88 exit dlameters lInside model.
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Figure 12. - Toital pressure supplied to probe in Jet simulation.
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Figure 13. - Probe alrflow required for jet simulation; weight flow paremeter, %:A@; 0.34

PP
for target probe; 0.39 for modified target probe; 0.41 for normal-hole and slant-hole
probes.
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